Gene overlapping is widely employed by RNA viruses to generate genetic novelty while retaining a small genome size. However, gene overlapping also increases the deleterious effect of mutations as they affect more than one gene, thereby reducing the evolutionary rate of RNA viruses and hence their adaptive capacity. Although there is general agreement on the benefits of gene overlapping as a mechanism of genomic compression for rapidly evolving organisms, its effect on the pace of RNA virus evolution remains a source of debate. To address this issue, we collected sequence data from 117 instances of gene overlapping across 19 families, 30 genera, and 55 species of RNA viruses. On these data, we analyzed how genetic distances, selective pressures, and the distribution of RNA secondary structures and conserved protein functional domains vary between overlapping (OV) and nonoverlapping (NOV) regions. We show that gene overlapping generally results in a decrease in the rate of RNA virus evolution through a reduction in the frequency of synonymous mutations. However, this effect is less pronounced in genes with a terminal rather than an internal gene overlap, which might result from a greater proportion of protein functional conserved domains in NOV than in OV regions, in turn reducing the number of nonsynonymous mutations in the former. Overall, our analyses clarify the role of gene overlapping as a modulator of the evolutionary rates exhibited by RNA viruses and shed light on the factors that shape the genetic diversity of this important group of pathogens.
Introduction
Two defining characteristics of RNA viruses are their high evolutionary rates and their ability to encode all the genetic information needed to complete their life cycle within small genomes (Holmes 2009 ). Estimates of evolutionary rates in RNA viruses normally fall within one order of magnitude of 1 Â 10 À3 nucleotide substitutions per site, per year (subs/site/ year) (Hanada et al. 2004; Duffy et al. 2008; Gibbs et al. 2010 ). These high rates are largely the consequence of the low fidelity of replication in RNA viruses due to the use of error-prone RNA polymerases (Domingo and Holland 1997; Drake et al. 1998 ). However, because most mutations in RNA viruses are deleterious (Holmes 2003; Sanjuán et al. 2004a) , high mutation rates in long genomes can lead to excessive mutational load and ultimately to population extinction (Nowak 1992) . Accordingly, evolutionary rates and genome size appear to be linked in RNA viruses.
As a result of the selection for genome compression due to high mutation rates, RNA viruses are faced with two problems: storing all their genetic information in genomes not long enough to contain it as contiguous genes and generating new gene diversity in a limited nucleotide space. One of the best documented mechanisms to achieve these goals is the use of genomic regions, which encode more than one protein, that is, gene overlapping (Barrell et al. 1976; Belshaw et al. 2007; Chung et al. 2008) . Several molecular mechanisms, such as ribosomal frameshifting, RNA splicing, and RNA editing, lead to the generation of gene overlapping (Lower et al. 1995; Hausmann et al. 1999) . Together, these result in 1) the creation of new genes within existing ones using previously unused open reading frames (ORFs), with a further gain of function of the new genes (internal overlapping), also known as "overprinting" (Keese and Gibbs 1992) and 2) the extension of genes by changes in the position of the start/stop codons into the sequence of the adjacent gene (terminal overlapping) (Belshaw et al. 2007 ). These two types of gene overlap increase the information content and can create new genes with novel functions, simultaneously allowing genome compression. As a consequence, the proportion of gene overlap is negatively correlated with genome size (Belshaw et al. 2007 ) and/or capsid size and capsid structure (Chirico et al. 2010 ) in viral RNA genomes.
Although gene overlapping facilitates genomic compression in RNA viruses, which could be selectively advantageous, it may come at a cost: a hypersensitivity to deleterious mutations as these affect more than one gene. This hypersensitivity reduces the capacity to buffer mutational effects, and individuals harboring mutations in the overlapping (OV) regions are likely purged from the population. Because of this elevated burden of deleterious mutation, RNA viruses with greater proportions of their genomes present as overlapping reading frames are expected to exhibit lower evolutionary rates, with their overlapping fragments evolving more slowly than their nonoverlapping counterparts (Miyata and Yasunaga 1978; Krakauer 2000 Krakauer , 2002 . The reduction of the speed of evolution due to gene overlap may even constrain the adaptive potential of RNA viruses (Krakauer 2002; Elena et al. 2006; Belshaw et al. 2008) .
To date, theoretical and experimental studies on the evolution of gene overlapping have largely yielded contradictory results. Most mathematical models have proposed that gene overlapping in rapidly evolving organisms such as RNA viruses results in a fitness advantage by increasing genome stability (i.e., by reducing the number of mutations that become fixed in the viral genome) (Krakauer 2002; Krakauer and Plotkin 2002; Peleg et al. 2004 ). In agreement with this prediction, a reduction of evolutionary rates in OV regions compared with their nonoverlapping (NOV) counterparts has been observed in several animal and plant RNA viruses (e.g., Hughes et al. 2001; Guyader and Ducray 2002; Pavesi 2006; Zhao et al. 2007; Pagán and Holmes 2010) . In contrast, several in silico simulation studies (Hogeweg and Hesper 1992; Huynen et al. 1993) , as well as comparative sequence analyses (Belshaw et al. 2007; Chirico et al. 2010) , have failed to find a correlation between evolutionary rate and the proportion of gene overlap. Similarly, some genes have been shown to have higher evolutionary rates or genetic diversities in OV than NOV regions (Jordan et al. 2000; Pagán and Holmes 2010) . Therefore, it is still unclear whether gene overlapping has an effect on the pace of molecular evolution.
There are a variety of factors that could explain the discrepancies among analyses of the role of gene overlapping in shaping the rate of viral evolution. First, although the reports that have observed a reduction of evolutionary rates in OV regions are based on the analysis of individual genes, those that did not find this association were mainly conducted on full-length genomes. Because rates of evolution may vary among genes, and between homologs from different species (Pál et al. 2006) , genomic rate estimates are necessarily the result of combining those from individual genes, which in turn may erode any correlation between the proportion of gene overlap and evolutionary rate. Second, NOV regions may possess other properties that reduce evolutionary rates, such as high concentrations of RNA secondary structures, and/or of conserved protein functional domains Yoffe et al. 2008; Wang and Zhang 2009) , and which may result in no apparent effect of gene overlapping. For instance, RNA secondary structures have been shown to play a major role in replication, gene expression, or encapsidation in several RNA viruses, and mutations within these structures may have highly deleterious effects (Liu et al. 2009; Simon and Gehrke 2009) , reducing the number of fixed mutations (Simmonds and Smith 1999) . Finally, selective constraints in overlapping genes depend on the direction and phase of the overlap, so that some frameshifts constrain gene evolution more than others (Krakauer 2000) . Because each internal or terminal overlapping may present a specific frameshift-internal overlapping occurs preferentially in a + 1 phase, but this is not the case for terminal overlapping (Belshaw et al. 2007 )-the type of gene overlap may also affect the rate of viral evolution. Extended models of sequence evolution of OV regions can account for the codependency of the nucleotide substitution process in two reading frames (Pedersen and Jensen 2001; Chung et al. 2007 ). Unfortunately, these models are based in computationally very intense simulations and are not always applicable to large sequence data sets.
Herein, we present a comparative analysis of the effect of gene overlapping on the rate of RNA virus evolution, utilizing sequences from 55 species of human, animal, and plant viruses distributed across 19 viral families and 30 genera. In particular, we analyzed whether specific genomic and evolutionary features vary between OV and NOV regions and among different types of gene overlap. These features were 1) the rate of viral evolution, through its proxies overall tree length and the frequency of synonymous and nonsynonymous substitutions, 2) selection pressure, 3) the proportion of nucleotides involved in RNA secondary structures, and 4) the proportion of nucleotides involved in conserved protein functional domains.
Results

Effect of the Presence and Type of Gene Overlapping in Virus Evolution
We analyzed the effect of gene overlapping on the rate of RNA virus evolution by estimating the total length of the tree (t) inferred for the OV and NOV regions of each gene ( fig. 1) . In OV regions, t ranged from 0.001 to 7.78 depending on the gene-virus combination, with 90% of the values lower than 2.00. Variation in t was larger for NOV regions, ranging between 0.08 and 10.45, and 80% of the values were smaller than 2.00. A one-way analysis of variance (ANOVA) using type of region (OV and NOV) as a factor indicated that t was significantly smaller in OV than in NOV regions (F 1,234 = 4.41; P = 0.037). In agreement with these results, in the majority of genes, t was significantly smaller in OV than in NOV regions (65/117, 2 = 56.18, P < 1 Â 10 À5 ) ( fig. 1 and table 1 ). Hence, gene overlapping generally results in a reduction in evolutionary rates. However, viruses can generate different types of gene overlap, which arise by different mechanisms and that generally differ in the resulting frameshift (Belshaw et al. 2007 ) and the degree of selective independence of the genes involved (Krakauer 2000) . Therefore, it is reasonable to think that evolutionary rates differ by type of gene overlap.
To explore this possibility, we defined three major types of gene overlap: 1) internal overlapping, when one of the genes contains the complete sequence of the other; 2) 5 0 -terminal overlapping, when the OV region is located in the 5 0 -terminal region of the gene; and 3) 3 0 -terminal overlapping, when the OV region is located in the 3 0 -terminal region of the gene. When the full length sequence of each gene was considered, we observed significant differences in t between the different types of gene overlap (F 2,234 = 2.94; P = 0.037), with higher values in 5 0 -and 3 0 -terminal than in internal overlapping (P < 0.039). This difference was entirely due to the lower value of t in OV regions of the genes with internal overlapping compared with the other OV and with NOV regions of all types of gene overlap (P < 0.05). Moreover, one-way ANOVAs comparing t in OV and NOV regions for each type of overlap separately indicated that tree lengths were smaller in OV than in NOV regions for internal overlapping (F 1,62 = 6.49; P = 0.013) but did not differ in both types of terminal overlapping (F 1,84 = 0.67, P = 0.416; F 1,88 = 1.09, P = 0.299, for 5 0 -and 3 0 -terminal overlapping, respectively). Indeed, the majority of the genes with internal overlapping exhibited significantly lower t values in OV than in NOV regions (25/31, 2 = 23.29, P < 1 Â 10
À5
), but this was not so for both types of terminal overlapping (18/42, 2 = 1.71, P = 0.190; 22/44, 2 = 0.00, P = 1.000, for 5 0 -and 3 0 -terminal overlapping, respectively) ( fig. 1 and table 1 ).
Our data set included genes with short overlaps (43 instances with length of the overlap between 16 and 100 nt), which might yield unreliable estimates. To explore this issue, we performed the analyses described earlier excluding these 43 instances and obtained comparable results (data available upon request). Therefore, in further analyses, we considered the total data set of 117 instances of gene overlap.
In sum, these results indicate that the effect of gene overlapping on the rate of RNA virus evolution varies depending on its type; internal overlapping generally reduces tree length, whereas no clear trend is observed in genes with terminal overlapping. Importantly, similar results were obtained using pairwise genetic distances as a proxy of the rate of virus evolution (data available on request).
Association between Selection Pressures in OV Regions and Gene Evolution
To explore the factors that reduce the rate of evolution in OV regions, we estimated the selection pressures ( ; 23/44, 2 = 13.16, P = 0.001, for internal, 5 0 -, and 3 0 -overlapping, respectively) (supplementary table S1, Supplementary Material online). However, when only those genes with no differences in t between OV and NOV regions were considered, d N tended to be higher in OV than in NOV regions in both types of terminal overlapping (1.56 ± 0.55 vs. 1.39 ± 0.51 and 0.86 ± 0.25 vs. 0.70 ± 0.30).
Finally, d S was significantly higher in NOV than in OV regions considering all genes together (F 1,234 = 4.26; P = 0.040) or analyzing each type of overlap independently (F ! 3.56; P 0.053) (supplementary table S1, Supplementary   FIG. 1 . Overlapping and nonoverlapping tree lengths (t) in overlapping genes. Blue diamonds denote genes in which t is significantly higher in NOV than in OV regions. Red squares denote genes showing the opposite trend or with no differences between t values in OV and NOV regions. Genes with different types of overlapping (internal, 5 0 -, and 3 0 -terminal) are presented in different panels. , for internal, 5 0 -, and 3 0 -overlapping, respectively) (table 1) .
Thus, overlapping genes are generally subjected to stronger purifying selection in OV than in NOV fragments, which seems to be associated with a greater constraint against synonymous changes regardless of the type of overlap. This is at odds with the differential effect of the type of overlap on values of t. Hence, we next explored if the presence of additional mechanisms that reduce t in NOV regions of genes with terminal overlapping, such as RNA secondary structures and protein functional domains (Yoffe et al. 2008; Wang and Zhang 2009 ), may explain this apparent contradiction.
RNA Secondary Structures
If RNA secondary structures were involved in reducing the rate of evolution in NOV regions of genes with terminal overlapping, we would expect these structures to be more frequent in NOV than in OV regions of genes with this type of overlapping. To test this hypothesis, we estimated the percentage of nucleotides potentially involved in RNA secondary structures in OV and NOV regions. These percentages did not vary significantly between OV and NOV regions (F 1,234 = 2.15, P = 0.144; mean values: 55.5 ± 2.6 for NOV regions, and 60.7 ± 2.8 for OV regions). Similar results were obtained when each type of overlap was analyzed independently (F 3.62, P ! 0.062) ( fig. 2 and table 1 ). In addition, the frequency of genes with a higher percentage of nucleotides involved in RNA secondary structures in NOV than in OV regions was significantly lower than the frequency of genes showing the opposite trend (41/117 vs. 55/117, with 21/117 showing no differences; 2 = 22.46, P = 1 Â 10
À5
). Analysis of each type of overlap indicated that only a small number of the genes with internal overlapping had a higher percentage of nucleotides involved in RNA secondary structures in NOV than in OV regions (8/31, 2 = 13.76, P = 1 Â 10 À3 ), whereas no differences between OV and NOV regions were observed for the genes with 5 0 -and 3 0 -terminal OV (15/42, 2 = 1.71, P = 0.164; 17/44, 2 = 3.68, P = 0.060, respectively). The lack of differential distribution of RNA secondary structures between OV and NOV regions of genes with terminal overlapping might be due to the confounding effect of including genes for which t is higher in NOV regions, which under our hypothesis are not expected to concentrate RNA secondary structures in NOV regions. To account for this potential limitation, analyses using the subset of genes in which tree length did not differ between OV and NOV regions or was higher in OV regions were performed and yielded comparable results to those considering all genes. NOV and OV regions did not differ in the percentage of nucleotides involved in RNA secondary structures (F 1,76 = 0.47, P = 0.495; mean values: 61.1 ± 3.6 for NOV and 64.9 ± 4.1 for OV regions, respectively), with no significant differences when each type of overlap was considered individually (F 1.74, P ! 0.220). Only a small fraction of the genes had higher percentages of RNA secondary structures in NOV than in OV regions either for all types of overlap together (17/52, 2 = 12.46, P = 4 Â 10
À4
) or for each type independently (0/6, 2 = 12.00, P = 5 Â 10
; 8/24, 2 = 5.33, P = 0.021; 9/22, 2 = 3.46, P = 0.049, for internal, 5 0 -, and 3 0 -overlapping, respectively) ( fig. 2) .
In sum, RNA secondary structures are not differentially distributed between OV and NOV regions of the genes with terminal overlapping, at odds with what would be expected if these structures would be involved in masking the effect of gene overlapping.
Conserved Protein Functional Domains
Using a similar rationale than that utilized for RNA secondary structures, we analyzed whether conserved protein functional domains were involved in masking the effect of gene overlapping in the rate of evolution of genes with terminal overlapping. Estimated mean percentages of nucleotides involved in conserved protein functional domains did not significantly vary between OV and NOV regions when all genes were analyzed together (F 1,234 = 1.02, P = 0.314; mean values of 21.4 ± 1.8 and 23.8 ± 1.4 for OV and NOV regions, MBE respectively) ( fig. 3 and table 1) . However, when each type of overlap was analyzed separately, conserved protein functional domains were more frequent in NOV than in OV regions for genes with 5 0 -terminal (F 1,84 = 4.17, P = 0.045; 25.3 ± 2.7 vs. 19.6 ± 3.1) and 3 0 -overlapping (F 1,88 = 3.90, P = 0.050; 23.1 ± 2.3 vs. 17.7 ± 3.1), and the opposite trend, although not significant, was found in genes with internal overlapping (F 1,62 = 3.34, P = 0.073; 22.7 ± 2.4 vs. 29.3 ± 2.7, for NOV and OV, respectively) (table 1). Moreover, a small fraction of genes with internal overlapping had a higher percentage of nucleotides involved in conserved domains in NOV and OV regions (3/31, 2 = 37.16, P < 1 Â 10
À5
), but there were significantly more cases with higher percentages in NOV than in OV for both types of terminal overlapping (27/42 2 = 6.8, P = 0.009; and 29/44, 2 = 8.91, P = 0.003, for 5 0 -and 3 0 -overlapping, respectively). Similar analysis performed using only those cases in which t did not differ between OV and NOV regions, or was higher in OV regions, yielded comparable results: No significant differences in the percentage of nucleotides involved in conserved protein functional domains were observed between OV and NOV regions when all genes were considered together (F 1,76 = 3.67; P = 0.06; 18.5 ± 2.9 vs. 25.3 ± 2.0, respectively). However, analyses for each type of overlapping revealed a higher frequency of conserved domains in NOV regions of the genes with terminal overlapping (F 1,34 = 3.79, P = 0.050; 19.2 ± 4.4 vs. 27.7 ± 3.8, for 5 0 -overlapping genes; F 1,36 = 3.90; P = 0.050, 13.9 ± 4.4 vs. 23.8 ± 2.5, for 3 0 -overlapping genes, in OV and NOV regions, respectively) and the opposite trend although not significant in genes with internal overlapping (F 1,6 = 3.23; P = 0.102, 32.4 ± 4.5 vs. 20.9 ± 4.5). Similarly, most of the genes with terminal overlapping had a higher frequency of conserved domains in NOV than in OV regions (16/24 and 17/22, for 5 0 -and 3 0 -overlapping genes; 2 ! 5.33, P 0.021), but 0/6 genes with internal overlapping showed this tendency ( fig. 3 and table 1) . Hence, these results indicate that conserved protein functional domains are more frequent in NOV regions of terminal overlapping genes and that these further act to reduce genetic diversity, which would mask the effect of gene overlapping on evolutionary rate. To explore this possibility further, we estimated t in the sequence fragments of NOV regions that did (CO) and did not (NCO) contain conserved protein functional domains when possible, using the subset of genes in which t was not higher in NOV than in OV regions. As expected, tree lengths were smaller in CO than in NCO fragments (1.25 vs. 1.50, respectively), and in most genes, t followed this trend (12/20, 2 ! 10.05, P 0.007).
Association between Length of Overlap and Viral Evolution
If gene overlapping reduces evolutionary rates, then the proportion of OV regions relative to genome length should be negatively correlated with these rates (Chirico et al. 2010) . Similarly, it would be expected that the length of the OV region in a given gene should follow the same association. We tested whether this expected relationship held in our data set by calculating the tree length for the complete sequence of each gene and assessing the strength of association between t and the proportion of gene overlap (i.e., length of the overlapping fragment/length of the complete gene) ( fig. 4 ). The proportion of gene overlap (%) differed among types of overlap (F 2,89 = 18.42; P < 1 Â 10 À5 ): It was higher in genes with internal (66.8 ± 0.05) than terminal overlapping (25.3 ± 0.03 and 33.1 ± 0.06 for 5 0 -and 3 0 -terminal overlapping, respectively). Therefore, we analyzed the association between the proportion of gene overlap and t in the complete sequence of each gene for all genes together and for each type of overlap separately. To do so, we performed bivariate analysis adjusting the correlation to different linear and nonlinear models. In all cases, a negative exponential model best explained the correlation between the length of overlap and t (supplementary table S2, Supplementary Material online). Bivariate analysis revealed a significant negative exponential association between these two variables when all genes were considered together (r = À0.39; P < 1 Â 10
À4
; fig. 4A ). We also found a significant negative exponential association in the three types of overlap (r = À0.69, P = 3 Â 10
; r = À0.37, P = 0.047; r = À0.40, P = 0.017; for internal, 5 0 -, and 3 0 -overlapping, respectively) ( fig. 4) . Similar results were obtained using only those genes for which t values were higher in NOV than in OV regions.
Discussion
Gene overlapping in RNA viruses can be viewed as a doubleedged sword: on one hand, it is an important source of genetic novelty, and on the other hand, it increases the detrimental effect of mutations as these affect more than one gene (Elena et al. 2006; Belshaw et al. 2008) . Although there is little disagreement about the benefits of gene overlapping as a mechanism of genome compression (Keese and Gibbs 1992; Holmes 2003; Belshaw et al. 2007; Lillo and Krakauer 2007; Chirico et al. 2010) , its effect on the pace of RNA virus evolution remains a source of debate. We tested the hypothesis that increasing the proportion of overlap reduces the rate of RNA virus evolution, and our comparative analysis enabled us to estimate different evolutionary parameters for a large number of human, animal and plant RNA viruses.
Notably, we show that overlapping gene regions have lower levels of genetic diversity (a proxy for evolutionary rate) compared with NOV regions in a majority of cases (more than two-thirds of the genes analyzed). This general trend is in agreement with the predictions of most mathematical models (Krakauer 2002; Krakauer and Plotkin 2002; Peleg et al. 2004 ) and with direct observations in a variety of RNA viruses (Hughes et al. 2001; Guyader and Theory predicts that this reduction in rate is the consequence of constraints against synonymous change imposed by gene overlapping (Krakauer 2000 (Krakauer , 2002 Krakauer and Plotkin 2002) . Accordingly, our results indicate that the reduction in the genetic diversity of OV regions is associated with decreased d S , as observed previously in several RNA viruses (Hughes et al. 2001; Guyader and Ducray 2002; Zhao et al. 2007) . Additional evidence supporting the role of gene overlapping in reducing the rate of viral evolution is the significant negative (exponential) correlation between the length of overlap and the genetic diversity of each gene; that is, the longer the OV region, the lower the evolutionary rate. Indeed, mathematical models linking these two factors predict that evolutionary rate is expected to decline nonlinearly with increasing overlap (Krakauer 2000) . It is interesting to note that this correlation holds for all types of gene overlap. Internal overlapping mainly grouped cases with longer overlaps, whereas terminal overlapping grouped those with shorter overlaps (fig. 4) . Thus, the decline in the evolutionary rate occurs in the same way regardless the area of the distribution considered, adding to the generality of the effect of gene overlap.
Together, these results support the hypothesis that gene overlapping results in genomic stability rather than being merely a way of maximizing genetic information in smaller genomes. Similarly, because it increases genomic stability, it has been proposed (Krakauer and Plotkin 2002; Elena et al. 2006 ) that gene overlapping is a way of achieving genetic robustness (i.e., the ability to preserve phenotypes despite the genomic mutational load). Under this hypothesis, gene overlapping generates hypersensitivity to deleterious mutations as these affect more than one gene, therein reducing the MBE capacity of each individual to buffer mutation effects. Therefore, mutants in OV regions are likely to be quickly purged, which in turn represents a selective advantage for wild-type genotypes and bolstering mutational robustness at the population level. Although we did not specifically test this hypothesis, our observation of lower genetic diversity in OV compared with NOV regions agrees with the role of gene overlapping in generating robustness, which, paradoxically, likely reduces the adaptive power of RNA viruses. Despite the general trend toward a reduction of genetic diversity in OV compared with NOV regions, this was not observed in approximately one-third of the analyzed genes. This can be mainly explained by differences in the type of overlap. Most of the genes in which t was not higher in NOV than in OV regions had 5 0 -or 3 0 -terminal overlapping (46 genes, representing about 50% of the genes with terminal overlapping), whereas this was only so in six genes with internal overlapping. Genes with internal overlapping present a preponderance of + 1 frameshifts, which is not observed in terminal overlapping genes where + 1 and À1 frameshifts are equally frequent (Belshaw et al. 2007 ) (table 1). Selective constrains in overlapping genes depend on the direction and phase of the overlap, so that some frameshifts constrain gene evolution more than others (Krakauer 2000) . However, + 1 and À1 frameshifts are identical in the extent to which they allow selective independence of the overlapping genes (Krakauer 2000) . Therefore, other mechanisms might account for this variability in the evolutionary rate of overlapping genes. For instance, the smaller genetic distances in OV regions may be masked in terminal overlapping genes if the NOV regions of these genes possess an additional mechanism to reduce t, such as a larger accumulation of RNA secondary structures or conserved protein functional domains (Yoffe et al. 2008; Wang and Zhang 2009) .
RNA secondary structures are highly conserved in RNA viruses, as they are involved in key aspects of the virus life cycle such as replication or transmission (Simon and Gehrke 2009) , and even viral packaging is determined by the general 2D/3D structure of the genome (Yoffe et al. 2008) . Therefore, mutations in RNA secondary structures are likely to be deleterious (Krakauer 2000; Chirico et al. 2010) . Larger concentrations of RNA secondary structures in NOV versus OV regions would result in lower evolutionary rates on NOV regions (Simmonds and Smith 1999) , thereby masking the effect of gene overlapping in OV regions. However, our results indicate that RNA secondary structures are not differentially distributed between OV ad NOV regions for any type of overlap, suggesting that these structures do not mask the effect of gene overlapping on evolutionary rates. Moreover, RNA secondary structures generally suppress variation at the third codon position, constraining the evolution of synonymous sites (Simmonds and Smith 1999; Pedersen et al. 2004; Moss et al. 2011) . If RNA secondary structures reduced the evolutionary rate at NOV regions, we would expect to find similar d S values at OV and NOV regions at least in terminal overlapping genes, but the number of synonymous mutations was higher in NOV regions, regardless of the type of overlapping (table 1) .
In contrast, conserved protein functional domains were more prevalent in NOV than in OV regions of genes with terminal overlapping. This bias was more apparent when only those genes for which no difference in t between OV and NOV regions were considered. Conserved protein functional domains are generally subjected to strong purifying selection (small d N values) in many organisms (Itzhaki and Margalit 2012 and references therein) , including RNA viruses (e.g., Poch et al. 1989; Koonin 1991; Li et al. 2011) . Accordingly, we observed a nonsignificant trend toward reduced d N in genes with terminal overlapping, which became significant when only those genes with no differences in t between OV and NOV regions were considered. Moreover, comparison of t values in conserved domains and extradomain regions indicated a lower evolutionary rate in the former, this being associated with a reduction in d N . These results suggest that the accumulation of conserved protein functional domains in NOV regions causes a general reduction of d N compared with the corresponding overlapping fragments, in parallel with the decrease in d S in OV regions due to gene overlapping. The combination of these two effects would explain at least in part why in some genes with terminal overlapping t values are similar in OV and NOV regions.
The differential distribution of conserved protein functional domains might explain a significant fraction of the cases in which gene overlap did not result in a reduction of the evolutionary rate. However, other mechanisms not considered here might also cause this effect. For instance, if a deleterious mutation in an OV region, which should be readily purged from the virus population, becomes neutral by the generation of a compensatory mutation in the corresponding NOV region (Wilke et al. 2003; Sanjuán et al. 2004b; Sanjuán 2006) , the evolutionary rate of the OV and NOV regions would not differ. Similarly, various RNA virus proteins have been reported to have covarying amino acids (e.g., Korber et al. 1993; Thompson et al. 2006; Castaño et al. 2011) . If covarying sites were equally distributed between OV and NOV regions, gene overlapping would have no apparent effect on the rate of gene/protein evolution. Thus, although it is clear that gene overlapping imposes a strong selective constraint on the evolution of RNA viruses, future research on the interplay between the mechanisms described earlier and gene overlapping would yield valuable information on how they determine the rate of RNA virus evolution.
Materials and Methods
Sequence Data
Available sequences from viruses known to possess overlapping reading frames were compiled from GenBank. Sequences from extensively passaged isolates in non-natural hosts, and putative recombinant sequences (see later), were excluded. Species with more than 10 sequences were retained for analysis, so that we were able to utilize 55 taxa and a total of 4,064 sequences, distributed across 30 genera and representing human, animal, and plant RNA viruses. This resulted in the analysis of 117 instances of gene overlap ranging between 16 and 720 nt in length: 33 internal overlapping instances, 44 5 0 -terminal overlapping instances, and 42 3 0 -terminal overlapping instances. A full list of the sequences, viral families, genera, and species is available as supplementary material, Supplementary Material online (supplementary table S3, Supplementary Material online).
Sequence alignments were constructed for each of the 117 overlapping genes, as well as for the corresponding overlapping and nonoverlapping fragments of these genes. Sequence alignments of the OV regions were adjusted according to the amino acid sequence of each of the two genes involved, thus generating two data sets for each OV region. In all cases, alignments were constructed using MUSCLE 3.7 (Edgar 2004 ) and adjusted manually according to the amino acid sequences using Se-Al (Rambaut 2002) . Alignments are included as supplementary material, Supplementary Material online.
Detection of Recombination
For each virus, recombination breakpoints were detected using four different methods available in the RDP3 package (http://darwin.uvigo.es/rdp/rdp.html, last accessed June 4, 2013): RDP, GENECONV, Bootscan, and Chimaera, and employing the default parameters (Martin et al. 2010) . Only recombination signals detected by all the methods (P < 0.05) were considered as positive.
Estimation of Tree Length
Tree lengths (t) were estimated for the OV and NOV regions of each gene using a maximum likelihood fitting of the HKY85 nucleotide substitution model for each of the regions as implemented in the HyPhy package (Kosakovsky Pond and Frost 2005) . We tested whether total tree length was different between OV and NOV regions using a relative ratio test also implemented in HyPhy.
Prediction of RNA Secondary Structure
To calculate average properties of the thermodynamic ensemble of secondary structures associated with a large number of widely varying sequences, we used computational predictions of RNA secondary structures. The potential existence and position of RNA secondary structures were predicted by calculating the thermodynamic folding energy utilizing MFOLD as implemented in the program ZIPFOLD (http://mfold.rna.albany.edu/?q=DIN AMelt/Zipfold, last accessed June 4, 2013), followed by comparison with the null expectation. For the calculation of the minimum free energies (MFEs), the sequence of the type member was chosen as the representative sequence within each virus species, and the full-length sequence of each overlapping gene was split into sets of 100 nt fragments incrementing by 1 nt across the analyzed gene. A window of 100 nt was chosen because MFEs become artificially small with the inclusion of likely nonphysiological long-range pairings that emerge when in silico folding long nucleotide sequences. Folding energies were compared with those of 100 copies of each fragment whose sequence order was scrambled using the algorithm NDR, which preserves dinucleotide frequencies of the native sequence, and automated using the program Folding Energy Scan implemented in the Simmonic2005 v1.8 package (Simmonds et al. 2008) . The probability of each nucleotide falling into a secondary structured region was determined by calculating the MFEDs (i.e., the percent difference in MFEs of native and scrambled sequences) . A nucleotide was considered to fall within a secondary structured region if the MFED of the native sequence was higher than that of the 95% upper confidence interval of the scrambled controls. Once this probability was calculated for each nucleotide of the full-length sequence of the overlapping gene, the percentage of nucleotides involved in RNA secondary structures was calculated for the OV and the NOV regions.
Prediction of Conserved Protein Functional Domains
We used PROSITE (http://prosite.expasy.org/, last accessed June 4, 2013) to estimate the percentage of amino acids involved in conserved protein functional domains in the OV and NOV regions of each gene. This method is based on known conserved functional motif sequences, and its predictions are relatively conservative (&10% of the proteins sites are predicted to be within a functional domain), when compared with other methods that also use prediction algorithms (Hulo et al. 2006) .
To predict the presence and location of functional domains in OV and NOV regions, we selected a representative sequence of each species. These sequences were translated into amino acids, and we searched for protein conserved functional domains using PROSITE with the default options. The resulting output was utilized to calculate the percentage of sites falling into functional domains in OV and NOV regions of each gene.
Selection Pressures
Selection pressures for each overlapping gene were measured as the difference between the mean number of nonsynonymous (d N ) and synonymous (d S ) nucleotide substitutions per site (d N /d S ) using the single-likelihood ancestor counting (SLAC), the random effects likelihood, and the fixed effect likelihood methods implemented in the HyPhy package (table 1 and supplementary tables S1 and S4, Supplementary Material online). Because the three methods yielded similar results, only the SLAC results are shown here. In all cases, d N /d S estimates were based on input neighbor-joining trees inferred using the MG94 nucleotide substitution model. To test for significant differences between the OV and NOV regions, we used a population level adaptation test as described in Kosakovsky Pond et al. (2006) . To confirm our results, we calculated site-specific d N Àd S and compared the average values between OV and NOV regions (supplementary table S1, Supplementary Material online). Individual values of d N and d S were also obtained. Importantly, in each pair of overlapping genes, estimates were obtained using separated sequence alignments for the two genes and which allowed us to obtain d N , d S , and d N /d S , d N Àd S values for the two reading frames of the OV region. Using HyPhy, we were also able to partition codons, such that OV and NOV regions could be defined over the full-length sequence of each gene therein allowing a comparison of these two regions.
Statistical Analysis
Species in 7 of the 30 virus genera utilized in the analyses were similar enough to be considered as potential "pseudoreplicates" (i.e., related species that share phylogenetic history). Although some of these comparisons resulted in similar t values, they largely differed in all the other analyzed traits (table 1), such that we considered them as independent data points to avoid loss of information. Thus, the 117 overlapping instances were used for statistical analysis. Tree lengths, the percentage of sites involved in RNA secondary structures and conserved protein functional domains, and d N /d S , d N , d S , and percentage of overlapping were homoscedastic (i.e., these variables flowed a normal distribution and presented homogeneous variances) (Sokal and Rohlf 1995) . Consequently, differences in values of these variables between OV and NOV regions and between types of gene overlap were analyzed by one-way ANOVA using type of region or type of overlapping as factors. Variation in the frequency of genes for which aforementioned parameters differed between OV and NOV regions was analyzed by Fisher's exact test, with a Yates correction for small sample size when necessary (Sokal and Rohlf 1995) . This test was also used to analyze the differences in the percentage of sites involved in RNA secondary structures and conserved protein functional domains, between OV and NOV regions of each gene. Correlations between variables were tested using Pearson coefficients. All statistical analyses were performed using the statistical software package SPSS 17.0 (SPSS Inc., Chicago, IL).
Supplementary Material
Supplementary tables S1-S4 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
